Edited by George M. Carman Intracellular cholesterol transport proteins move cholesterol to different subcellular compartments and thereby regulate its final metabolic fate. In hepatocytes, for example, delivery of high-density lipoprotein (HDL)-associated cholesterol for bile acid synthesis or secretion into bile facilitates cholesterol elimination from the body (anti-atherogenic effect), whereas delivery for esterification and subsequent incorporation into apolipoprotein B-containing atherogenic lipoproteins (e.g.
Hydrophobicity of nonesterified or free cholesterol (FC) 2 precludes its free movement within the cell and between differ-ent cellular membranes, a process that is essential to multiple cellular functions, including FC esterification, conversion to bile acids in hepatocytes, or synthesis of steroid hormones in steroidogenic tissues. Although release of FC from the donor membrane is typically rate-limiting, and physical proximity with the acceptor membrane is not required (1, 2) , transfer of FC between membranes is enhanced by intracellular transfer/ carrier proteins, such as members of the steroidogenic acute regulatory (StAR) family (3) , which are highly specific for sterols, or nonspecific transporters including sterol carrier protein 2 (SCP2) and fatty acid binding protein 1 (FABP1) (4, 5) . Consequently, these transfer proteins not only regulate the distribution of cholesterol in cell organelles but also play an important role in intracellular cholesterol metabolism and tissue-specific distribution. Furthermore, expression of these proteins is closely related to the rate of cholesterol metabolism in each tissue (6) . Therefore, the role of these proteins is extensively studied in steroidogenic tissues such as adrenals (where these proteins regulate steroid hormone synthesis by modulating the delivery of FC to appropriate subcellular organelles) and the liver (the principal organ responsible for maintaining wholebody cholesterol homeostasis).
The Scp2 gene encodes the 58-kDa sterol carrier protein-x (SCPx) and 15-kDa pro-SCP2 proteins, both of which contain a 13-kDa SCP2 domain in their C termini. SCPx is localized primarily to peroxisomes and functions as a thiolase. Pro-SCP2 can either be obtained by proteolytic cleavage of SCPx, or it is independently transcribed using an internal/alternate transcription start site (7) . Mature SCP2 (13 kDa), representing the C-terminal end of SCPx, as well as pro-SCP2 is, however, obtained by proteolytic cleavage. Mechanisms that regulate transcription initiation from the internal start site to directly generate pro-SCP2 or proteolytic cleavage of SCPx or pro-SCP2 to generate mature SCP2 are not completely defined.
In addition to being involved in maintaining differential cholesterol content of the plasma membrane leaflets (8) , replenishing mitochondrial membrane cholesterol (9) , and regulating lipid rafts and signaling (10) , SCP-2 is also involved in regulating hepatic cholesterol homeostasis. Niemann-Pick C disease, characterized by hepatic cholesterol accumulation in lyso-somes and the Golgi, is associated with reduced levels of hepatic 13-kDa SCP2 (11) . SCP2 affects hepatic cholesterol accumulation (12) and enhances HDL-mediated cholesterol uptake in primary hepatocytes (13) . Earlier studies from our laboratory have demonstrated an increase in flux of cholesterol from HDL-associated cholesteryl esters (HDL-CE) to bile acids by adenovirus-mediated transient overexpression of SCP2 as well as FABP1 (14) . Studies with mice lacking SCP-2/SCPx or FABP1 or both have provided evidence for the role of these two proteins in modulating biliary lipid levels (15, 16) .
Given the inability of mammalian systems to metabolize the steroid nucleus, conversion of hydrophobic cholesterol to more water-soluble bile acids and solubilization of cholesterol by these detergents, followed by excretion into bile, represents a major mechanism for cholesterol elimination from the body. A homeostatic balance between cholesterol intake/de novo synthesis and cholesterol elimination is central to the development of atherosclerosis. Despite the significant role of intracellular cholesterol transfer proteins such as SCP-2 in regulating the expression of genes involved in hepatic cholesterol homeostasis (17) , the direct role of these proteins in modulating atherogenesis has not been examined to date. Based on our earlier studies, where transient overexpression of SCP2 led to increased flux of cholesterol from HDL to bile, we speculated an anti-atherogenic role for SCP2 (14) . To directly address this hypothesis, in this study we examined the effects of SCP2/SCPx deficiency on the development of Western diet-induced atherosclerosis in the LDLR Ϫ/Ϫ background. Contrary to the expected increase in diet-induced atherosclerosis, a dramatic attenuation of lesion development was noted in mice lacking SCP2/SCPx. Data are presented to indicate that a significant decrease in dietary cholesterol absorption in the intestine as well as in hepatic VLDL secretion by SCP2/SCPx deficiency collectively represent the mechanism underlying the observed attenuation of plasma lipid levels and, consequently, the reduction in Western diet-induced atherosclerosis in LDLR Ϫ/Ϫ mice.
Results

SCP2 deficiency significantly attenuates Western diet-induced atherosclerosis in LDLR ؊/؊ mice
Intracellular cholesterol-binding proteins facilitate delivery of cholesterol to appropriate organelles for subsequent metabolism, and we have demonstrated earlier that adenovirus-mediated overexpression of SCP2 increases the flux of cholesterol from HDL to bile and feces, indicative of a potential antiatherogenic role of this protein (14) . However, as shown in Fig The aortic root represents another anatomical site of plaque development, and changes in plaque area at this site were also examined using H&E-stained aortic root sections. Consistent with the en face analyses shown in Fig. 1 , a significant reduction in the area occupied by the plaque in the aortic root was noted in LS mice (Fig. 2, A and B) . To evaluate changes in plaque characteristics, if any, Masson's trichrome-stained aortic root sections were analyzed to determine the percentage of necrotic area. A significant reduction in plaque necrosis was seen in LS mice (Fig. 2 , C and D).
SCP2 deficiency significantly reduces total plasma cholesterol and triglyceride
Plasma cholesterol and triglyceride levels are considered a reliable marker of whole-body lipid homeostasis, and elevated levels associated with development of atherosclerosis are either the result of increased uptake of dietary lipids or enhanced hepatic secretion of pro-atherogenic ApoB-containing VLDL. SCP2 deficiency significantly reduced plasma cholesterol levels in LS mice (1747.38 Ϯ 670.62 versus 543.00 Ϯ 144.57, p Ͻ 0.0001 in males and 1424.33 Ϯ 205.1 versus 966.83 Ϯ 214.97, p ϭ 0.0118 in females; Fig. 3A ). Furthermore, comparison of changes in percent total cholesterol associated with non-HDL or HDL fractions showed that the observed reduction in plasma cholesterol was primarily determined by reduction in non-HDL cholesterol or cholesterol associated with LDL and VLDL fractions (86.15 Ϯ 11.93 versus 71.55 Ϯ 5.85, p ϭ 0.0077 in males and 91.42 Ϯ 1.44 versus 85.95 Ϯ 2.04, p ϭ 0.0003 in females, Fig.  3B ). In contrast, there was a small but statistically significant increase in the percentage of cholesterol associated with the HDL fraction (13.85 Ϯ 11.93 versus 28.45 Ϯ 5.85, p ϭ 0.0077 in males and 8.58 Ϯ 1.44 versus 14.05 Ϯ 2.04, p ϭ 0.0003 in females; Fig. 3B ). To facilitate a direct demonstration of the effects of SCP2 deficiency on cholesterol distribution between plasma lipoprotein fractions, the data are also represented after normalization to total cholesterol levels observed in LDLR Ϫ/Ϫ mice of the same sex. Significant reduction in non-HDL choles- 
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terol is apparent in LS mice of both sexes (87.31 Ϯ 32.41 versus 39.27 Ϯ 11.04, p ϭ 0.0014 in males and 91.39 Ϯ 11.45 versus 60.78 Ϯ 6.31, p ϭ 0.0002 in females; Fig. 3C ). It is noteworthy that, in WD-fed LDLR Ϫ/Ϫ mice, Ͼ90% plasma cholesterol is associated with the non-HDL fraction (18) . A strong positive correlation was obtained between the total lesion area and plasma cholesterol levels ( Fig. 3D ). Plasma triglyceride levels were also significantly reduced in male LS mice (471.88 Ϯ 292.22 versus 121.75 Ϯ 48.20, p ϭ 0.0016; Fig. 3E ), but this decrease did not reach statistical significance in female mice (411.33 Ϯ 268.1 versus 225.67 Ϯ 139.25, p ϭ 0.1631). Although total lesions increased with increasing plasma triglyceride levels, this correlation did not reach statistical significance (Fig.  3F ). These data suggest that global SCP2 deficiency-mediated attenuation of plasma lipids likely underlies the observed decrease in atherosclerotic lesions in LS mice.
SCP2 deficiency significantly reduces intestinal cholesterol absorption
Diet-induced hypercholesterolemia underlies the development of atherosclerosis in this model of Western diet-induced atherosclerosis in LDLR Ϫ/Ϫ mice. Therefore, any reduction in absorption of dietary cholesterol is likely to affect the development of atherosclerosis. To examine whether SCP2 deficiencymediated changes in intestinal cholesterol absorption represent the mechanism underlying the observed reduction in plasma lipids as well as atherosclerosis, the appearance of orally administered [ 3 H]cholesterol in plasma was monitored under conditions where tissue uptake of absorbed cholesterol is prevented by tyloxapol-mediated inhibition of lipoprotein lipase. A significant reduction in plasma DPM was seen in SCP2 Ϫ/Ϫ mice (286.23 Ϯ 60.58 versus 180.81 Ϯ 11.43, p ϭ 0.007 in males and 236.11 Ϯ 71.06 versus 169.68 Ϯ 35.09, p ϭ 0.036 in females; Fig. 4A ). These data suggest that SCP2/SCPx deficiency leads to reduced intestinal absorption of dietary cholesterol, resulting in attenuation of diet-induced hypercholesterolemia.
Although absorption of cholesterol occurs via NPC1L1, intestinal cells secrete cholesterol along with phytosterols back into the lumen via ABCG5/G8. Furthermore, cholesterol absorption is not uniform along the length of the intestine. Expression of NPC1L1 or ABCG5 and ABCG8 along the intestine was evaluated in WT and SCP2 Ϫ/Ϫ mice to determine the effects SCP2 deficiency. Although no significant difference was noted in the expression of NPC1L1, there was a significant reduction in the expression of ABCG5 and ABCG8 in the distal P4 segment of the intestine of SCP2 Ϫ/Ϫ mice (Fig. 4B ). Consistent with global deficiency of SCP2 in these mice, no expression of SCP2 protein was noted along the length of the intestine, i.e. segments P1 through P4 ( Fig. 4C ).
Because the mice used in this study have a global deficiency of SCP2/SCPx, to directly assess the effects of SCP2 deficiency in intestinal cells on cholesterol absorption/uptake, SCP2 was knocked down in the human intestinal epithelial cell line HT-29 using SCP2-specific siRNA. A concentration-dependent decrease in SCP2 mRNA was noted, along with maximum reduction in SCP2 protein seen at the highest siRNA concentration tested (Fig. 4D ). Cholesterol uptake was monitored in HT-29 cells transfected with either scrambled or SCP2 siRNA. A time-dependent increase in cholesterol uptake was seen, and this increase was significantly attenuated when SCP2 was knocked down with siRNA ( Fig. 4E ). These data indicate that deficiency of SCP2 in intestinal epithelial cells limits cholesterol absorption and likely represents the mechanism underlying the observed reduction in plasma lipids and attenuated atherosclerosis in LS mice.
SCP2 deficiency significantly reduced hepatic VLDL secretion
Upon WD feeding, increased absorbed lipids are repackaged in the liver and secreted as pro-atherogenic lipoprotein VLDL. Therefore, in addition to the effects of altered lipid absorption, changes in secretion of pro-atherogenic lipoproteins from the liver are also likely to modify plasma lipids and the downstream development of atherosclerosis. Time-dependent accumulation of VLDL-associated triglycerides in the plasma compartment following inhibition of lipoprotein lipase is routinely used to evaluate hepatic VLDL secretion. To examine whether SCP2 deficiency affects hepatic VLDL secretion, we monitored plasma triglyceride levels in WT and SCP2 Ϫ/Ϫ mice following tyloxapol-mediated inhibition of lipoprotein lipase. As shown in Fig. 5A , triglyceride secretion rates calculated from the plasma triglyceride levels were significantly reduced in SCP2 Ϫ/Ϫ mice (12.05 Ϯ 0.73 versus 7.46 Ϯ 1.03, p ϭ 0.0021). These data suggest that SCP2 deficiency attenuates pro-atherogenic VLDL secretion from the liver.
Because the mice used in these studies lack SCP2 in all tissues, to confirm the effects of SCP2 deficiency on VLDL/triglyceride secretion from hepatocytes, direct secretion of triglycerides as well as cholesteryl ester into the incubation medium from primary hepatocytes isolated from WT or SCP2 Ϫ/Ϫ mice was assessed. Secretion of [ 3 H]oleic acid-labeled triglycerides (Fig. 5B ) as well as cholesteryl esters (Fig. 5C ) by SCP2/SCPx- 
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deficient hepatocytes was significantly reduced, confirming the reduction in hepatic secretion rates observed in vivo.
Reduced secretion of VLDL could potentially lead to hepatic accumulation of lipids, and therefore morphological changes in the livers of WD-fed LDLR Ϫ/Ϫ and LS mice were compared. Significant lipid accumulation was noted in livers from WD-fed LDLR Ϫ/Ϫ mice compared with LS mice, indicating that SCP2 deficiency does not lead to increased accumulation of lipids in the liver (Fig. 6A ). Lack of SCP2 expression in livers form LS mice was confirmed by almost undetectable levels of Scp2 mRNA in LS mice ( Fig. 6B ). Consistent with lack of lipid accumulation in the liver, no significant difference in the expression of lipogenic genes (namely, ApoB, Fas, Srebp-1c, and Srebp-2) was noted between livers from WT and SCP2 Ϫ/Ϫ mice (Fig. 6C) .
These data indicate that SCP2/SCPx deficiency leads to reduced VLDL secretion from liver/hepatocytes and that SCP2 deficiency likely leads to reduced plasma lipids by not only limiting intestinal absorption but also by decreasing hepatic VLDL secretion. Furthermore, SCP2 deficiency also reduces WD-induced lipid accumulation in the liver without any significant change in expression of genes involved in lipogenesis.
SCP2 deficiency has limited effects on pathways involved in cholesterol elimination
An imbalance between forward transport of cholesterol to peripheral tissues and its return to the liver for final elimination underlies accumulation of lipid-laden macrophage foam cells within the artery wall. Although the data presented above pro-vide strong evidence for SCP2 deficiency-mediated reduction in plasma lipids because of intestinal lipid absorption as well as hepatic lipid secretion, the effects of SCP2 deficiency on reverse flux of cholesterol from macrophages to the liver and final elimination in bile were also monitored to examine any direct effects of SCP2 deficiency on these processes.
Changes, if any, in the uptake of modified LDL by macrophages from WT or SCP2 Ϫ/Ϫ were examined, and, as shown in Fig. 7A , no apparent difference in Oil Red O-stained neutral lipid was seen in WT control and SCP2 Ϫ/Ϫ macrophages before or after incubation with acetylated LDL (AcLDL). Consistently, although there was an increase in total cellular cholesterol upon loading with AcLDL in both genotypes, there was no significant difference in total cellular cholesterol mass between WT and SCP2 Ϫ/Ϫ macrophages before or after loading (Fig. 7B) . The observed lack of difference in the expression of SR-A ( Fig. 7C ) further suggests that SCP2 deficiency does not affect the uptake of modified LDL. When efflux of cholesterol from AcLDLloaded macrophages was measured, a small but significant reduction in cholesterol efflux was observed in LS macrophages. An increase in cholesterol efflux capacity is associated with reduction in the development of atherosclerosis, and this observed reduction in cholesterol efflux from SCP2 Ϫ/Ϫ macrophages suggests that SCP2 deficiency in macrophages may not be the major underlying mechanism for the observed decrease in atherosclerosis in LS mice.
Final elimination of cholesterol from the body, required to maintain whole-body cholesterol homeostasis and limit devel- After an overnight fast, mice were euthanized, and fasting plasma was collected. A, levels of total plasma cholesterol for indicated genotype and sexes. B, percent of total plasma cholesterol associated with the non-HDL or HDL fraction. C, percent of total plasma cholesterol associated with the non-HDL or HDL fraction in both genotypes normalized to total plasma cholesterol in LDLR Ϫ/Ϫ mice of the respective sex. D, linear regression analyses of total lesion area and plasma cholesterol; the observed coefficient of correlation (R) as significance of correlation (p value) is indicated. E, total plasma triglyceride for the indicated genotype and sexes. F, linear regression analyses of total lesion area and plasma triglyceride levels; the observed coefficients of correlation (R) as significance of correlation (p value) is indicated.
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opment of atherosclerosis, occurs via biliary or nonbiliary routes. To evaluate the effects of SCP2 deficiency on modulating cholesterol elimination from the body, secreted bile acids and cholesterol were monitored in gall bladder bile and normalized to total biliary phospholipid content. Deficiency of SCP2/ SCPx did not affect biliary bile acid (Fig. 8A ) or free cholesterol (Fig. 8B) secretion. Although increased biliary elimination of cholesterol from the body as bile acids or free cholesterol is generally viewed as anti-atherogenic, a dramatic reduction in atherosclerosis with no change in biliary bile acids or cholesterol in LS mice points to a possible limited contribution of the cholesterol elimination pathway to the observed attenuation of atherosclerosis by deficiency of SCP2/SCPx in these global knockout mice.
Discussion
While recognizing the role of extracellular trafficking of cholesterol in the progression of atherosclerosis, Billheimer and Reinhart (19) argued more than 3 decades ago for a major role of intracellular cholesterol trafficking, possibly by regulating transport of cholesterol back to the liver from the peripheral tissues and secretion into the bile. Although ample evidence exists for defining the role of SCP2/SCPx in modulating hepatic cholesterol/bile acid metabolism, the data presented here describe, for the first time, the dramatic anti-atherogenic (Ͼ80% decrease) effects of SCP2/SCPx deficiency in atherosusceptible LDLR Ϫ/Ϫ mice. Furthermore, SCP2/SCPx deficiency led to a significant reduction in plasma cholesterol and triglyceride levels despite consumption of a high-fat, highcholesterol-containing Western diet. Consistently, we demonstrate that SCP2/SCPx deficiency reduces absorption of cholesterol in the intestine and attenuates VLDL secretion from the liver, identifying SCP2 as a potential therapeutic target to modulate dyslipidemia and its downstream adverse effects.
Dyslipidemia is central to the development of atherosclerotic plaques, and LDLR Ϫ/Ϫ mice develop atherosclerosis only after a dietary challenge with a high-fat, high-cholesterolcontaining Western diet. Therefore, the contribution of dietary lipids to overall dyslipidemia is paramount in this model of atherogenesis. Sterol carrier protein-like activity was described in the rat intestine by Kharroubi et al. (20) , and the widespread distribution of SCP2-like protein in the intestine was thought to be related to the potential transfer functions in all phases of cholesterol processing. Wouters et al. 
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expression of SCP-2 in rat small intestine enterocytes and, based on the intracellular distribution, suggested that this protein may play a role in the intracellular processing of absorbed lipids. The data presented here show that SCP2/SCPx deficiency significantly reduces intestinal cholesterol absorption and that siRNA-dependent knockdown of SCP2 in human intestinal epithelial cells leads to a significant reduction in cholesterol accumulation, indicating that intestinal SCP2 regulates the uptake of dietary cholesterol and is likely responsible for the reduced plasma lipids in LS mice. Future development of an intestine-specific SCP2 knockout will facilitate the direct con-firmation of this hypothesis. Reduction in cholesterol absorption is used as a clinical intervention, and supplementation with ezetimibe reduced plasma cholesterol by 32%, leading to a reduction in atherosclerosis by 52-59% in LDLR Ϫ/Ϫ mice (22) . The data presented here are not only consistent with these observations but also show a more pronounced effect of SCP2 . SCP2 deficiency leads to reduced lipid accumulation in the liver without a change in the expression of lipogenic genes. A, liver tissue harvested from WD-fed LDLR Ϫ/Ϫ or LS mice were paraffin-embedded, and 5-m sections were stained with H&E. Images were acquired using a Zeiss inverted microscope fitted with a digital camera. Scale bar ϭ 50 m. B, SCP2 mRNA levels in total liver RNA were determined by real-time PCR as described under "Experimental procedures" and normalized to the housekeeping gene ␤-actin. Relative expression (mean Ϯ S.D., n ϭ 6) is shown. C, hepatic mRNA levels of the indicated genes were determined by real-time PCR as described under "Experimental procedures" and normalized to the housekeeping gene ␤-actin. Relative expression (mean Ϯ S.D., n ϭ 6) is shown. Figure 7 . Effects of SCP2 deficiency on cholesterol accumulation in and cholesterol efflux from macrophages. Thioglycolate-elicited macrophages were isolated from C57BL/6 (WT) and SCP2 Ϫ/Ϫ mice and incubated with AcLDL (25 g/ml) for 48 h. A and B, following two washes with PBS, cells were either fixed and stained with Oil Red O (A) or used for total lipid extraction and cholesterol mass measurement (B). Total cholesterol mass was normalized to total cellular protein, and data (mean Ϯ S.D., n ϭ 6) are presented as nanomoles per milligram of protein. C, total protein extracts of macrophages were subjected to Western blot analyses to assess SR-A expression; ␤-actin was used as a loading control. D, for measurement of cholesterol efflux, cells were loaded with AcLDL and labeled with [ 3 H]-cholesterol for 48 h. Following a 24-h equilibration, cholesterol efflux to 10% FBS in the growth medium was monitored over time. Data (mean Ϯ S.D., n ϭ 6) are presented as percent efflux. *, p Ͻ 0.05.
Figure 8. Effects of SCP2 deficiency on biliary bile acid and cholesterol secretion.
A and B, gall bladder bile was collected at the time of euthanasia, and the total volume was noted. Biliary bile acids (BA), cholesterol, and phospholipids (PL) were estimated as described under "Experimental procedures." Data are presented as total bile acids (nanomoles) or FC (micrograms) in the bile normalized to total phospholipids (micrograms) in A and B, respectively.
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deficiency on plasma cholesterol (a Ͼ70% decrease in LS mice) and atherosclerosis (a Ͼ80% reduction in total lesion area), underscoring the need to evaluate intestinal SCP2 inhibition as a potential anti-atherosclerotic strategy.
The liver plays a major role in regulating whole-body lipid homeostasis by secreting triglyceride-rich and atherogenic lipoproteins (VLDL) and eliminating cholesterol returning to the liver via LDL or HDL in bile. Earlier studies by Martin et al. (17) have demonstrated no change in the expression of ApoB100/ApoB48 protein or MTP mRNA levels in SCP2/ SCPx-deficient mice. Accordingly, it was concluded that aberration in the intracellular transfer of fatty acids and cholesterol because of SCP2/SCPx deficiency likely affects synthesis of triglycerides or cholesteryl esters required for normal secretion of lipidated ApoB100 or VLDL particles. Consistently, in this study, we demonstrate a significant reduction in triglyceride/ VLDL secretion in SCP2 Ϫ/Ϫ mice. Furthermore, a significant reduction was also observed in [ 3 H]oleic acid incorporation in triglycerides as well as cholesteryl esters by SCP2 Ϫ/Ϫ hepatocytes and decreased uptake of [ 3 H]cholesterol in vivo or by SCP2 knockdown in intestinal epithelial cells. Taken together with the established role of SCP-2 in intracellular transport of cholesterol and fatty acids, these data provide additional support for the proposed concept that SCP2 is required for triglyceride and cholesteryl ester synthesis (both in liver as well as intestinal cells) and that its deficiency leads to impaired chylomicron or VLDL secretion.
Despite the predicted role of SCP2 in delivering cholesterol to the endoplasmic reticulum for bile acid synthesis and of SCPx thiolase in bile acid synthesis (23) , deficiency of SCP2/ SCPx in LS mice did not affect biliary bile acid secretion, indicating a limited role, if any, of increased biliary elimination of cholesterol as a possible mechanism for the observed reduction in atherosclerosis. Fuchs et al. (24) have also reported lower bile salt secretion rates in SCP2 Ϫ/Ϫ mice, resulting in a lower bile salt pool size. Furthermore, SCP2/SCPx deficiency did not affect the secretion of cholesterol into the bile, consistent with the reported lack of changes in Abcg5 and Abcg8 expression in these mice (17) . It is noteworthy that SCP2/SCPx deficiency leads to an increase in liver fatty acid binding protein or FABP-1, speculated to compensate for some of the functions of hepatic SCP2 (23) .
Although it is beyond the scope of this study to examine the various other physiological functions attributed to SCP2, it is noteworthy that cells overexpressing SCP2 become more susceptible to damage/toxicity by 7␣-OOH, a free radical generated by cholesterol hydroperoxides, because cellular SCP2 binds and traffics 7␣-OOH to mitochondria, where it exerts cellular toxicity (25) . Whether reduction in SCP2-mediated cytotoxicity underlies the observed reduction in plaque necrosis remains to be established. Based on the subcellular localization of SCPx in peroxisomes and its demonstrated role in modulating peroxisomal fatty acid oxidation, Seedorf et al. (26) hypothesized that SCP2 functions in vivo as fatty acyl-CoA carrier. Future studies designed to specifically examine peroxisomal function will determine whether SCPx deficiencymediated perturbations of peroxisomal fatty acid metabolism contribute to the observed reduction in atherosclerosis.
In conclusion, the data presented here provide very strong evidence for the pro-atherogenic role of SCP2 by demonstrating a dramatic reduction in diet-induced atherosclerosis in SCP2/SCPx-deficient mice in the LDLR Ϫ/Ϫ background. Furthermore, the dramatic lipid-lowering effects of SCP2 deficiency despite WD feeding provide a novel opportunity to develop SCP2 inhibitors for attenuation of WD-induced dyslipidemia and downstream adverse effects such as development of atherosclerosis.
Experimental procedures
Animals LDLR Ϫ/Ϫ mice were obtained from The Jackson Laboratory. We obtained the first generation of SCP2/SCPx Ϫ/Ϫ mice (designated SCP2 Ϫ/Ϫ ) from the Mutant Mouse Resource and Research Center (MMRRC) (Chapel Hill, NC) after these strains were deposited at this consortium by Dr. Schroeder's laboratory. All mice were maintained in a helicobacter-free barrier facility at VCU. All experimental procedures were approved by the VCU Institutional Animal Care and Use Committee.
Development of experimental animals
SCP2 Ϫ/Ϫ mice were crossed into the LDLR Ϫ/Ϫ background, and the resulting LDLR Ϫ/Ϫ SCP2 Ϫ/Ϫ mice were designated LS. Male and female mice were included in the study at 10 weeks of age, and the total number of animals in each group was, therefore, determined by the availability of each gender within a litter. For assessment of atherosclerosis, mice were fed a Westerntype high-fat/high-cholesterol diet (TD88137, Harlan Teklad) that contains 21% fat, 0.15% cholesterol, and 19.5% casein by weight with no sodium cholate for 16 weeks.
Quantitative atherosclerosis analyses
The aorta was dissected from the heart to the iliac bifurcation, cleaned of any surrounding tissue, opened longitudinally, pinned on black wax, and fixed for 24 h in 10% buffered formalin. The fixed aortae were imaged on a black background using a Canon digital camera fitted with a 60-mm f/2.8 macro lens. The total area and the area occupied by the lesions in the aortic arch and total aorta were determined using AxioVision TM image analysis software. The person quantifying the area occupied by lesions was blinded to the identity of the images.
Morphological analyses of the lesions
Hearts were fixed in buffered formalin, paraffin-embedded, and sectioned. When the aortic sinus was visible, three to four serial sections (5 m thick) were transferred to numbered slides. The slides were then either stained with hematoxylin and eosin (H&E) or Masson's trichrome stain, and images were acquired using a Zeiss inverted microscope fitted with a digital camera as described earlier (27) .
Cholesterol loading and efflux assays
Thioglycolate-elicited mouse peritoneal macrophages were obtained from either C57BL/6 (WT) or SCP2 Ϫ/Ϫ mice and incubated with AcLDL (25 g/ml) for 48 h. Following two SCP2 deficiency is atheroprotective washes in PBS, cells were either fixed in 10% buffered formalin to stain with Oil Red O (28) or used for total lipid extraction and estimation of cholesterol mass free using reverse phase-HPLC. Total cellular protein was estimated following lipid extraction using a Bio-Rad dye binding assay. Cholesterol efflux was monitored as described before (29) .
Hepatic VLDL secretion in vivo
C57BL/6 (WT) or SCP2 Ϫ/Ϫ mice were fasted overnight, and a baseline blood sample was collected from the tail vein. Mice were subsequently injected intravenously with the lipoprotein lipase inhibitor tyloxapol (500 mg/kg) in PBS, and blood samples were collected over a period of 3 h. Plasma triglyceride levels, a measure of plasma VLDL, were measured using the L-Type Triglyceride M kit from Wako Diagnostics. The VLDL secretion rate was calculated as described previously (30) .
Lipid secretion from hepatocytes
Primary mouse hepatocytes were prepared as described earlier (31) . After 24 h, the medium was replaced with fresh William's E growth medium containing 200 M oleic acid-BSA (Sigma) and [ 3 H]oleic acid (5 Ci/ml). After 4 h, the medium was replaced with fresh growth medium without [ 3 H]oleic acid (5 Ci/ml), and incubation continued for an additional 4 h. Total lipid were extracted from the conditioned medium, and neutral lipid was separated by TLC using hexane:diethylether: acetic acid 90:10:1 (v/v) as the solvent system (32) . Percent [ 3 H]incorporation into triglycerides and cholesteryl esters was normalized to total cellular protein.
Cholesterol absorption
C57BL/6 (WT) or SCP2 Ϫ/Ϫ mice were fasted overnight and then injected intravenously with tyloxapol (500 mg/kg) in PBS to inhibit lipoprotein lipase. After 10 min, mice were gavaged with 200 l of olive oil containing 2 Ci [ 3 H]cholesterol. Mice were euthanized after 5 h, and blood was collected. Radioactivity associated with plasma was determined by liquid scintillation counting, and data are presented as plasma DPM per microliter of plasma.
SCP2 knockdown and uptake of cholesterol by intestinal epithelial cells
The human intestinal epithelial cell line (HT29) was obtained from the ATCC and maintained in McCoy's 5A medium containing 10% FBS and penicillin/streptomycin (100 units/ml and 100 g/ml). Cells were plated at a density of 0.5 ϫ 10 5 cells/well into 24-well plates and 0.5 ϫ 10 6 cells/well into 6-well plates and cultured for ϳ20 h to reach ϳ60% confluence. Cells were transfected with a complex consisting of SCP2 siRNA (Santa Cruz Biotechnology, catalog no. sc-44636) and polyamidoamine (PAMAM) G5 (Sigma-Aldrich). Each component was diluted in 200 l McCoy's 5A medium and mixed by vortexing for 1 min at the appropriate weight ratio of siRNA to polyamidoamine G5 as 1:10. Following incubation at room temperature for 30 min, the resulting complexes were added to cells. The medium was replaced with normal growth medium, and cells were harvested after an additional 24 h to monitor knockdown of SCP2 expression. Quantitative RT-PCR was used to measure mRNA levels using a TaqMan assay (Hs00920780_m1), and the protein levels were measured by Western blot analyses using primary antibody 23006-1-AP (Proteintech Group), which recognizes both SCP2 and SCPx. For measurement of cholesterol uptake, 24 h after transfection, the medium was replaced with growth medium containing 1% FBS and [ 3 H]cholesterol (1 Ci/ ml). Cells were harvested at 15, 30, and 60 min and lysed in radioimmune precipitation assay buffer, and associated radioactivity was determined by liquid scintillation counting and normalized to total cellular protein.
Gene expression analyses
Total RNA from the liver or different segments of the gastrointestinal tract was prepared using RNeasy mini kits (Qiagen), and the mRNA levels of the indicated genes were determined using optimized TaqMan probe sets from Applied Biosystems: Abcg5, Mm00446249_m1; Abcg8, Mm00445970_ m1; ApoB, Mm01545156_m1; Fas, Mm00662319_m1; Npc1l1, Mm01191973_m1; Scp-2, Mm01257982_m1; Srebp-1c, Mm00550338_m1; and Srebp-2, Mm01306292_m1.
